Introduction
Low-back pain is a common health condition and results in large economic and social costs. 1 For low-back pain, the common presentation is acute or chronic pain in the back and leg that can vary from a dull constant ache to a sudden sharp sensation. 1 There is increasing concern that low-back pain can affect cerebral function and cause central impairment beyond the sensation of pain, including cortical plasticity. Functional restoration due to pain may influence clinical symptoms, manifestations, and rehabilitation.
Structural and functional alterations related to low-back pain or chronic back pain have been demonstrated using advanced neuroimaging techniques. Examples of these alterations include neuron metabolite abnormities; 5 cortical atrophy in the so-called "pain matrix", including the S1/S2 regions, insula, and medial prefrontal cortex (mPFC); 6, 7 cortical thinning in the "pain matrix" and pain-processing regions (trending in S1); 8 white matter microstructure damage in the corpus callosum and internal capsule; [9] [10] [11] hyper-activation in the mPFC after thermal stimulation 11 and activity in painassociated regions (thalamus and cingulate cortex) following mechanical stimulation; 12 and highly consistent functional connectivity reorganization in several regions 11, [13] [14] [15] [16] [17] with the exception of disrupted default mode network (DMN) connectivity. [14] [15] [16] 18 Discogenic low-back pain can be caused by herniated disks, compressed nerve roots, and degenerative disks. In these patients, pain that radiates down the leg below the knee, with or without numbness, and is located on one side or both sides is called discogenic low-back and leg pain (LBLP). However, the nature of the intrinsic neuronal activity of discogenic LBLP has not been fully investigated and the relationship between cerebral function and clinical associations is not fully understood.
Resting-state functional magnetic resonance imaging (rs-fMRI) is an effective method to investigate the intrinsic neuronal activity in various neuropsychiatric and neuropsychological diseases, including Alzheimer's disease, 19 mild cognitive impairment, 20 multiple sclerosis, 21 neuromyelitis optica, 22 posttraumatic stress disorder, 23 and schizophrenia. 24 In rs-fMRI, low-frequency (0.01-0.08 Hz) spontaneous blood oxygen level-dependent (BOLD) fluctuations are physiologically meaningful and are related to neural spontaneous activity. The amplitude of low-frequency fluctuations (ALFFs) is a reliable and reproducible method that focuses on regions of spontaneous activity at the voxel level. ALFF is calculated to measure the amplitude values of cortical low-frequency oscillations (LFOs) of regional rs-fMRI time courses. 25, 26 In this study, our hypothesis was that discogenic LBLP would alter the amplitude of oscillations of local neural activity, which in turn would be related to clinical status and may provide additional information about brain dysfunction. In the present study, we applied ALFF to examine the amplitude of LFOs in discogenic LBLP and healthy groups and then compared the results across patients and controls. To assess clinical relevance, we investigated the alteration of baseline brain activity and correlated it with disease severity, duration, visual analog scale (VAS) scores, and the severity of damage to fine sensory modalities.
Participants and methods
This case-control study was approved by the Medical Research Ethics Committee and the Institutional Review Board of The First Affiliated Hospital, Nanchang University, People's Republic of China. Written informed consent was obtained from all subjects, and the study was conducted according to the principles of the Declaration of Helsinki.
Participants
Thirty right-handed discogenic LBLP patients with lumbar disk herniation were recruited at The First Affiliated Hospital of Nanchang University from October 2016 to July 2017. All subjects underwent an evaluation that included computed tomography (CT) or magnetic resonance imaging (MRI) scanning and were diagnosed with more than one ruptured annulus fibrosus and compressed soft tissues. The resultant LBLP was ongoing for at least 1 month, and conservative medication, exercise, and physical therapy failed to improve the patients' condition.
The inclusion criteria were as follows: 1) age of 35-65 years; 2) clear evidence of compression of the spinal canal on a lumbar CT and/or MRI ( Figure 1 ); 3) radiating pain (VAS score >4) from the lumbar region to the buttocks and lower limb; increased pain from abdominal pressure (cough and sneeze); 4) straight-leg raising test and pick-up test showing a positive reaction; knee and Achilles tendon reflex weakened or absent; 5) self-report of medication with nonsteroidal anti-inflammatory drugs (eg, Motrin, Advil, and Naproxen) and acetaminophen (eg, Tylenol) without the use of opioids; and 6) volunteered to enroll in the study.
The exclusion criteria were as follows: 1) previous spinal surgery or spinal abnormality; 2) trauma or infection
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Clinical measures
The authors evaluated patients using a VAS (0-10) score for pain rating, Japanese Orthopedic Association (JOA; -6 to 29) score for disease severity, 27 and Barthel index (0-100) for performance in activities of daily living. Additionally, the two-point tactile discrimination test, which measures fine sensory abilities, was used to assess tactile spatial resolution. 28 All the clinical measures were assessed before magnetic resonance scanning.
Image acquisition
All magnetic resonance data were acquired using a 3.0 Tesla Siemens whole-body scanner with an eight-channel radiofrequency head coil (Trio Tim; Siemens, Munich, Germany). The brain fMRI scan acquisition included 30 4-mm thick interleaved axial slices with an interslice gap of 1.2 mm, repetition time (TR)/echo time (TE) =2,000/30 ms, matrix =64×64, and field of view (FOV) =220 mm ×220 mm. During the rs-fMRI scan, subjects were asked to keep their eyes closed and not to think about anything in particular and not to fall asleep for 8 min (240 time points). T1-weighted (T 1 W) magnetization-prepared rapid gradient-echo structural images were acquired using the following parameters: TR/ TE =1,900 ms/2.26 ms; FOV =215 mm ×230 mm; matrix =240×256; and 176 1.0-mm thick sagittal slices with no gap. Additional conventional T 2 -weighted (T 2 W) and T 2 -fluidattenuated inversion recovery images were acquired in the brain to diagnose each subject. For diagnosis in each subject, sagittal and axial conventional T 1 W, T 2 W, and T 2 fat-suppression sequences were acquired in the lumbar spine and disks from L1 to S3. At the end of the scanning sessions, all participants reported that they had not fallen asleep during the scan, according to the Epworth Sleepiness Scale questionnaire. ). For the motion correction, the following two steps were adopted to reduce the effects of head motion: 1) the three rotational and three translational motion parameters were computed for the exclusion of the hypermotion subjects (criteria: 3.0 mm and 3.0° for max head motion); 2) the Friston 24-parameter model 30 was calculated for individual-level motion regression, including six head motion parameters, six head motion parameters one time point before, and the 12 corresponding squared items. For precise spatial normalization of the fMRI data, high-resolution individual T1-weighted magnetization prepared rapid gradient echo structural images were registered to the mean fMRI data, and the resulting aligned T1-weighted images were segmented and transformed into standard MNI spaces using the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra toolbox. 31 The ALFF analysis was performed using the DPABI, 32 which has been described previously. 33 Briefly, the preprocessing time series was transformed to the frequency domain using the fast Fourier transform algorithm. Typically, temporal band-pass filtering (0.01<f<0.1 Hz) was then performed for each voxel to reduce the effects of low frequency drift and high-frequency physiological noise, and the averaged square root was chosen as the ALFF (Equation 2) in the filtering frequency band. For standardization, the ALFF of each voxel was z-transformed with Fisher's r-to-z transformation for subsequent group comparisons.
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Statistical analysis
Between-group ALFF analysis
For group comparisons, demographic data and head motion were compared using the two-sample t-test and c 2 test via SPSS (release 13.0; SPSS Inc., Chicago, IL, USA). The two-sample t-test was used to compare the z-ALFF values in each voxel of the two groups (two-tailed, voxel-level P<0.01; Gaussian random field theory (GRF) correction, cluster-level P<0.05). The significant cluster was labeled with the coordinate and t-values of the peak voxel.
Correlation analysis
To investigate the relationship between cerebral abnormalities and clinical parameters (JOA, VAS, and so on), we first calculated the average value of ALFF within the clusters and significant ALFF changes were obtained via the two-sample t-test. A partial correlation analysis was performed to determine the relationship between the average ALFF values and clinical parameters in the patient group; the effects of age, sex, intracranial volume, and mean framewise displacement were considered. The multiple correlations were corrected using the Bonferroni correction.
ROC analysis and discriminant function
Several regions exhibited significant alterations in ALFF in the patients; thus, the ALFF value has the potential to be used as a biomarker to separate the discogenic LBLP patients from healthy subjects. To test this possibility, mean ALFF values were extracted from the altered regions and receiver operating characteristic (ROC) curves analysis was conducted. Table 1 shows the general demographic and clinical information of discogenic LBLP patients and healthy controls. The data of 25 patients and 27 healthy subjects were analyzed. The following patients were excluded from the analysis: two patients with vascular malformation or infarction and three patients and two healthy subjects due to head motion. There were no significant differences between the groups with respect to age (P=0.727) or sex (P=0.654). All discogenic LBLP patients presented with low-back pain and lumbar disk herniation; 14 (56%) patients presented with left leg pain and numbness; 9 (36%) patients presented with right leg pain and numbness; and 2 (8%) patients presented with bilateral leg symptoms. In the patients, two-point tactile discrimination decreased to different degrees in the right (30.8±1.65 mm) and left (31.1±1.21 mm) feet and the right (25.3±1.23 mm) and left (26.1±1.25 mm) hands. There were significant differences in JOA and VAS scores between the discogenic LBLP group and control group. No significant differences were found in mean framewise displacement (P=0.322) and intracranial volume (P=0.323) between the two groups.
Results

Demographic and clinical data profiling
ALFF pattern and alterations in discogenic LBLP patients Table S1 ). Figure 5 and Table S2 
ROC analysis between the patient groups
In some altered ALFF variables, discriminant functions showed excellent sensitivity and specificity ( Figure 6 and Table 3 
Discussion
In this study, ALFF analysis was used to investigate the intrinsic LFO amplitude of discogenic LBLP patients and revealed abnormal neural activity in several cerebral regions. Compared with healthy controls, discogenic LBLP patients showed a significant increase in ALFF in the affective system of the pain matrix (left ACC, right aINS/fO, and bilateral OFC) and information-processing regions (MOG/ MTG and ITG) as well as a significant decrease in ALFF in the DMN (including IPL and mPFC) and the processing system of the pain matrix (MB/BG/Thala, PoCG, and Fus). Several regions with altered ALFF were associated with disease duration, VAS scores, Barthel index, and fine sensory modality measurements (two-point tactile discrimination of the left and/or right leg). Further ROC analysis suggested that the mean ALFF values in the right IPL, left IPL/PoCG, left ACC, and left mPFC could serve as markers to separate individuals with discogenic LBLP from healthy subjects. 
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Back and leg pain evoked abnormal ALFF in the affective system of the pain matrix and sensory-processing regions. The pain matrix is composed of several interacting networks, including the posterior operculo-insular region (receiving spinothalamic projections), posterior parietal region, prefrontal and anterior insular areas (transition from a cortical nociceptive to a conscious state), and orbitofrontal and perigenual/limbic networks (for pain memories). Regarding the altered spatial pattern, the results of increased ALFF in the affective system of the pain matrix (left ACC, right aINS/fO, and bilateral OFC) were consistent with other functional neuroimaging studies. 4, 34 The aINS/fO involves multimodal sensory processing, sensory binding, and so on, while the ACC plays a role in a wide variety of autonomic functions. Considering the very low proportion of nociceptive-specific neurons in these brain areas, which is classically described in pain neuroimaging studies, the activation of these brain areas mainly reflects brain processes that are not directly related to the emergence of pain and that can be engaged by sensory inputs that do not originate from the activation of nociceptors. 35 The OFC is a region known to be important in representing multiple levels of pain processing, influences bidding behavior and decision-making, 36 and mediates pain inhibition. 37 In patients with low-back pain or chronic pain, aINS/fO, ACC, and OFC activation (task fMRI) in response to unpleasant stimuli are largely comparable to those of healthy subjects with reduced gray Figure 6 ROC analysis of ALFF in the altered regions as a potential mean to differentiate between discogenic LBLP patients and healthy subjects. Abbreviations: ACC, anterior cingulate cortex; aINS, anterior insula; BG, basal ganglia; ALFF, amplitude of low-frequency fluctuation; CPL, cerebellar posterior lobe; fO, frontal operculum; Fus, fusiform; IPL, inferior parietal lobule; ITG, inferior temporal gyrus; LBLP, low-back and leg pain; MB, bilateral midbrain; MOG, middle occipital gyrus; mPFC, medial prefrontal cortex; MTG, middle temporal gyrus; OFC, orbitofrontal cortex; PoCG, postcentral gyrus; ROC, receiver operating characteristic; Thala, thalamus. 
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Altered regional ALFF in discogenic LBLP matter, 38 although there are some inconsistencies. 39 The results of fMRI experiments 38, 40, 41 suggest that attending to nociceptive pain leads to higher affective correlations or "side effects". Taken together, the present findings indicate that the increased ALFF in the affective system of the pain matrix supports previous findings concerning an automatic affective response to a putatively harmful stimulus.
Moreover, increased ALFF was detected in several information-processing regions, including the right MOG/ MTG, left MOG, and bilateral ITG in patients with discogenic LBLP. MOG showed a preference for spatial over nonspatial processing of both auditory and tactile stimuli and the modulation of unconscious processing. MTG, the exact function of which is unknown, has been connected with different processes such as contemplating distance. In patients with low-back pain, MOG/MTG might be activated by somatosensory stimuli. 34, 42 In the present study, increased ALFF in the left MOG was negatively correlated with fine sensory modality measurements (two-point tactile discrimination of the right and left feet), which indicates functional compensation or plasticity in partial sensory-processing regions. In healthy subjects, ITG is not only associated with visual stimuli processing but also involved in spatial awareness. Some processing of visual information corresponds to the visual processing ventral stream and is responsible for visual object recognition. In patients with LBLP, numbness is common in the leg due to intervertebral disk herniation that oppresses the nerve root. Decreased spatial information input from the lower extremity and/or regional poor efficiency might be the reason for increased ALFF in patients with discogenic LBLP. However, in the present study, a positive correlation was observed in the right ITG and fine sensory modality measurements (two-point tactile discrimination of the right hand). Combined with previous studies, our findings of increased ALFF point to a regional inefficiency in information-processing regions. This study found that there might be a connection between the poor efficiency of the right ITG and activities of daily living because a relationship has also been found between increased ALFF in the right ITG and the Barthel index.
Furthermore, we observed increased ALFF in the right CPL, which plays an important role in fine motor coordination and has activity linked to happiness. 43 Previous imaging studies reported that low-back pain evoked increases in regional connectivity in the CPL in the resting state. 44 The detailed implication of increased ALFF in the right CPL in discogenic LBLP patients is unclear, and further investigations are needed.
Another important finding is that the ALFF was decreased in the DMN (including the IPL and mPFC) and the processing system of the pain matrix (MB/BG/Thala, PoCG, and Fus) in the patients with LBLP. In patients with chronic low-back pain, reduced deactivation was observed in the mPFC during a simple visual attention task 45 and disrupted restingstate connectivity in the mPFC 18, 46 and IPL was observed. 47 Some studies have discussed functional connectivity during the whole period of fMRI data acquisition on the power spectrum. Therefore, the effects (increase/decrease) on the ALFF in discogenic LBLP could explain the alterations in brain region connectivity. Moreover, decreased ALFF in the left mPFC was associated with disease duration; thus, longterm injury to the low back by intervertebral disk herniation suggests that intrinsic activity was affected in the mPFC. Our results are consistent with previous studies involving chronic low-back pain. Combined with previous findings of cortical atrophy, 6,7 a structural foundation for functional alteration in the DMN is provided.
Regarding the altered ALFF in the processing system of the pain matrix, additional observations supported the relationships between decreased ALFF in the right IPL and disease duration, VAS scores, or physical signs of the JOA index. In previous studies, similar atrophy and hypoactivity in sensory information transmission and processing regions were demonstrated in patients with chronic pain. [6] [7] [8] 12, 45 In discogenic LBLP patients, injuries to the surrounding nerves might affect or prevent the function/movement of the related regions, causing a decrease in the gray matter in the corresponding somatosensory regions. In contrast to other nonspecific low-back pain, discogenic LBLP might be attributable to a recognizable specific pathology associated with central vulnerability and/or sensitivity to pain. 48, 49 In the present study, decreased ALFF in the right IPL or right IPL/ PoCG was negatively correlated with fine sensory modality measurements (two-point tactile discrimination of the left and/or leg), which is supported in individuals who are highly sensitive to pain and sensory impairment.
Compared to healthy controls, discogenic LBLP patients showed hyperamplitude of LFOs in the affective system of the pain matrix and information-processing regions and hypoamplitude of LFOs in the DMN and processing system of the pain matrix. There are reasons to believe that discogenic LBLP-related deficits in ALFF affect the capacity for neuroplasticity due to peripheral causes (nociceptive pain and sensory impairment), either adaptive or maladaptive; however, the exact underlying central mechanisms are still not fully understood. Partial ALFF differences between discogenic LBLP and HC groups might be useful diagnostic markers, and ALFF values in the right IPL, left IPL/PoCG, left ACC, left mPFC, bilateral MB/BG/Thala, and right Fus could help to accurately discriminate between these groups with a relatively high sensitivity and classification accuracy.
Some limitations exist in this study, although our results are interesting and encouraging. One limitation is that the present study was a case-control study, and we cannot completely rule out the effect of medication, although it is unlikely that the medication affected our results. It is important to note that oral morphine daily for 1 month could cause cerebral anatomical alterations; 50 thus, we excluded all patients using opioids from this study. Another limitation is that this was an explorative study involving correlation analysis between the ALFF values and clinical fine sensory modality measurements, and we did not use other sensory measurements. Future studies are needed to address more comprehensive sensory assessments. For technical reasons, the head-motion models should be applied before the smoothing filters. After movement correction, any residual effect of motion artifacts in the fMRI can be decreased by a spatial low-pass filter. In this study, only ALFF, not fractional ALFF (fALFF), was used to probe the alterations in the discogenic LBLP patients. Although both ALFF and fALFF are sensitive and show moderate-to-high test-retest reliability in gray matter, the reliability of ALFF tends to be higher than that of fALFF. 26 ALFF may be more sensitive to differences between groups and individuals because it is more reliable. Finally, the physiological basis of ALFF, the role of ALFF as a diagnostic marker, and recognizable patterns need to be examined in future work.
Conclusion
This study showed that altered ALFF in the pain matrix, DMN, and information-processing regions was associated with clinical measurements in patients with discogenic LBLP. We believe that our results may provide evidence of an intrinsic plasticity link with peripheral causes (pain and sensory impairment) in discogenic LBLP patients.
Note: *P<0.05. Abbreviations: ACC, anterior cingulate cortex; aINS, anterior insula; ALFF, amplitude of low-frequency fluctuation; BG, basal ganglia; CPL, cerebellar posterior lobe; fO, frontal operculum; Fus, fusiform; IPL, inferior parietal lobule; ITG, inferior temporal gyrus; JOA, Japanese Orthopaedic Association; LBLP, low-back and leg pain; MB, midbrain; MOG, middle occipital gyrus; mPFC, medial prefrontal cortex; MTG, middle temporal gyrus; OFC, orbitofrontal cortex; PFC, prefrontal cortex; PoCG, postcentral gyrus; Thala, thalamus; VAS, visual analog scale. 
